The structural ground underlying the pH-dependency of the dimer-tetramer transition of Diocleinae lectins was investigated by equilibrium sedimentation and X-ray crystal structure determination of wild-type and site-directed mutants of recombinant lectins. Synthetic genes coding for the full-length α-chains of the seed lectins of Dioclea guianensis (termed r-αDguia) and Dioclea grandiflora (termed r-αDGL) were designed and expressed in Escherichia coli. This pioneering approach, which will be described in detail in the present paper, yielded recombinant lectins displaying carbohydrate-binding activity, dimer-tetramer equilibria and crystal structures indistinguishable from their natural homologues. Conversion of the pH-stable tetrameric r-αDGL into a structure exhibiting pH-dependent dimer-tetramer transition was accomplished through mutations that abolished the interdimeric interactions at the central cavity of the tetrameric lectins. Both the central and the peripheral interacting regions bear structural information for formation of the canonical legume lectin tetramer. We hypothesize that the strength of the ionic contacts at these sites may be modulated by the pH, leading to dissociation of those lectin structures that are not locked into a pH-stable tetramer through interdimeric contacts networking the central cavity loops.
INTRODUCTION
Lectins are a structurally heterogeneous group of proteins of nonimmune origin possessing at least one non-catalytic domain that binds reversibly to a specific mono-or oligo-saccharide [1] [2] [3] [4] [5] . Lectins are ubiquitous in all kingdoms of life and play biological roles in many cellular processes, such as cell communication, host defence, fertilization and development, parasitic infection, tumour metastasis, plant defence against phytopredators and pathogens, etc. [3] , by deciphering the glycocodes encoded in the structures of glycans attached to soluble and integral cell membrane glycoconjugates [4] . Mechanisms for sugar recognition have evolved independently in a small number of protein domains [1, 5] , and lectins sharing a common sugar-binding fold may depart in their carbohydrate-recognition specificities [6] . Multivalence is a mechanism frequently used by lectins for increasing their glycan-binding avidity and specificity [7, 8] . In addition, most lectins are oligomeric or multidomain proteins, and variability in their quaternary associations represents a common evolutionary mechanism for creating structural and functional diversification among lectins exhibiting the same tertiary fold [5, [9] [10] [11] [12] [13] .
Although recent years have witnessed the elucidation of a large variety of novel structures of lectins [9, 10 and http://www. cermav.cnrs.fr/lectines], plant lectins from the Leguminosae family remain the most thoroughly studied group of sugarbinding proteins. In particular, lectins isolated from legume seeds have been regarded as paradigmatic molecules for investigating the structural basis and thermodynamics of selective sugar recognition [5] [6] [7] [8] [15] [16] [17] . Legume lectin subunits display a high degree of tertiary-fold conservation. The architecture of the socalled 'legume lectin fold' is structurally related to a jelly-roll motif characterized by a sandwich formed by a curved sevenstranded front β-sheet and a nearly flat six-stranded back β-sheet, bridged on one side by a top five-stranded β-sheet [5] . The tetrameric assembly of seed lectins from the Dioclea, Cratylia and Canavalia genera of the Diocleinae subtribe of the Papilionoideae subfamily of legume lectins involves a crosswise back-to-back association of two dimers built by the side-by-side, anti-parallel alignment of the subunit six-stranded back β-sheets [5] , first characterized in the crystal structure of ConA (concanavalin A) [18] [19] [20] . Diocleinae lectins exhibit pH-dependent dimertetramer equilibria [21] [22] [23] [24] . The physiological relevance of this phenomenon remains elusive. However, it is worth noting that the 25 × 8 Å 2 (1Å = 0.1 nm) water-filled central cavity of the tetramer of ConA and other leguminous lectins has been reported to bind various non-polar compounds, such as the plant auxin β-indoleacetic acid and cytokinins [25, 26] . Auxins and cytokinins function as plant growth hormones and thus the lectins could use dimer-tetramer equilibrium as a mechanism for storage or transport of hormones.
Abbreviations used: CFL, Cratylia floribunda lectin; ConA, concanavalin A; DGL, Dioclea grandiflora lectin; Dguia, Dioclea guianensis lectin; gDNA, genomic DNA; IPTG, isopropyl β-D-thiogalactoside; RACE, rapid amplification of cDNA ends; r-αDGL, recombinant α-chain from DGL; r-αDguia, recombinant α-chain from Dguia; rmsd, root mean square deviation; RT, reverse transcription; X-Man, 5-bromo-4-chloro-3-indolyl-α-D-mannose. 1 Correspondence can be addressed to either J. J. Calvete (email jcalvete@ibv.csic.es) for issues concerning X-ray crystallography or L. Sanz (email Libia.Sanz@ibv.csic.es) for issues related to molecular biology.
The nucleotide sequences of the synthetic gene coding for the α-chains of the lectins from Dioclea guianensis (termed r-αDguia) and Dioclea grandiflora (termed r-αDGL) have been deposited with the EMBL Nucleotide Sequence Database and are accessible under accession codes AM701772 and AM701773 respectively.
Structural evidence gathered from comparison of the crystal structures of the pH-independent tetrameric DGL (Dioclea grandiflora lectin; PDB accession number 1DGL) [27] and those of Dguia (Dioclea guianensis lectin; PDB accession numbers 1H9P and 1H9W) [28] and CFL [Cratylia floribunda lectin; crystallized at acidic (PDB accession number 2D3R) and basic (PDB accession number 2D3P) pH] [29] , which exhibit pHdependent dimer-tetramer transition, revealed that interdimer contacts in the 'canonical ConA tetramer' are made between the homologous regions encompassing residues 53-78 of monomers A and D and B and C at the periphery of the dimers, and between the loop comprising residues 117-123 of each monomer located in the water-filled cavity at the centre of the tetramer. Interactions at the peripheral contact sites are essentially conserved in the structures of CFL crystallized in conditions where it exists as a dimer (pH 4.6, aCFL) or as a tetramer (pH 8.5, bCFL) in solution [29] . These interface regions of aCFL and bCFL can be superimposed with an rmsd (root mean square deviation) of 0.42 Å. Similarly, the peripheral interdimeric sites of Dguia (pH-dependent tetramer) and DGL (pH-independent tetramer) are essentially conserved [28] . The structural data also pointed to the participation of two histidine residues, His 131 and His 51 , in stabilizing the conformation of the central cavity loops comprising residues 117-123 from each subunit. However, in contrast with loop ordering through a His 51 -dependent mechanism observed in CFL, which does not yield a pH-stable tetrameric association, His 131 in DGL establishes a network of interdimer interactions bridging the four central loops into a pH-independent tetramer. Asn 131 in CFL is unable to reproduce these intersubunit interactions. In addition, the number of interdimer contacts in the central cavity are drastically reduced in the aCFL compared with the bCFL structure [29] . The reduced number of interdimer contacts yielding a 'weakened' tetrameric association of aCFL is due to increased distances between atoms which are hydrogenbonded in bCFL as a consequence of the distinct spatial orientation of residues His 51 , Ser 66 , Ser 110 , Thr 117 , Asn 118 , Ser 119 and Thr 120 in aCFL and bCFL [29] .
The apparent paradox that a histidine residue (pKa 5.5-7.5) determines pH independence might be explained assuming that the network of intermonomer contacts centered at His 131 cannot be disrupted by altering the pH value of the solution in the range 4.5-8.5. Current evidence suggests that although both the central and the peripheral interacting regions may bear information for formation of the canonical legume lectin tetramer, the absence of the stabilizing intermonomeric interactions (i.e. when an asparagine residue occupies position 131) allows pH-dependent destabilization of the tetrameric lectin structure through a hitherto elusive mechanism. This view reinforces our hypothesis of the key role of the side chain of the residue at position 131 for determining the pH-dependence or -independence of the tetrameric association of the seed lectins from Diocleinae.
To gain a deeper insight into the structural determinants underlying Diocleinae lectin pH-dependent quaternary association, in the present study we have designed and expressed in Escherichia coli synthetic genes coding for the full-length α-chains of Dguia and DGL. This pioneering approach, which will be described in detail, yielded recombinant proteins (rαDguia and r-αDGL), which are biochemically indistinguishable from the naturally occurring lectins. Conversion by site-directed mutagenesis of residues at positions 123, 131 and 132 of the pH-independent tetrameric r-αDGL for the corresponding residues of Dguia endowed the triple mutant with pHdependent dimer-tetramer equilibrium. The structural basis of this transition was investigated by solving the crystal structures of the wild-type (r-αDguia, r-αDGL) and mutated (r-αDguia S131H and r-αDGL E123A/H131N/K132/Q) recombinant lectins.
EXPERIMENTAL PCR amplification of the genes and mRNAs coding for the precursors of Dguia and DGL
D. guianensis and D. grandiflora seeds were harvested from plants at the Federal University of Ceara campus, Fortaleza, Brazil. For germination (at the Instituto de Biomedicina de Valencia, Valencia, Spain), seeds were pretreated by immersion in concentrated sulfuric acid for 20 min followed by washing in running tap water for 5 min. The sulfuric-acid-treated seeds were placed between two filter paper sheets moistened with distilled water, rolled-up and kept in a water-saturated chamber in the dark. Genomic DNAs (referred to as gDNA) from D. guianensis and D. grandiflora were extracted from young leaves using the CTAB (cetyltrimethylammonium bromide) procedure [30] . For total RNA isolation, young buds in liquid nitrogen were immediately ground to a powder with a pestle.
Total cellular RNA from D. guianensis was isolated with Concert Plant RNA reagent (Invitrogen) according to the manufacturer's protocol. The first strand of cDNA of D. guianensis was reverse-transcribed using a standard method. Briefly, 12 µl of 0.1 % DEPC (diethylpyrocarbonate)-treated water containing 0.1 µg of 5 -CCAGTGAGCAGAGTGACGAGGACTCGAGCT-CAAGCT(T) 16 -3 (Qt; Sigma-Genosys) and 1 µg of total RNA were heated to 70
• C for 10 min to denature any possible secondary RNA structure, cooled on ice, and mixed with 4 µl of 5× First Strand Buffer (Promega), 2 µl of 0.1 M DTT (dithiothreitol; Promega), 1 µl of the ribonuclease inhibitor RNAsin (40 units/µl) (Promega), 1 µl of dNTP (10 mM each) (Eppendorf) and 200 units of MMLV RT (Moloney Murine Leukaemia Virus Reverse Transcriptase) (RNase H Minus; Promega). The final volume was adjusted to 20 µl and the reaction mixture was incubated at 42
• C for 1 h, followed by 10 min at 50 • C to inactivate the enzyme. DNA was PCR-amplified using one-tenth of the RT reaction as a template. The forward primer, 5 -CCNGTSCACATTTGGGA-3 , and the reverse primer, 5 -WACY-CTHACCCAYTCNGG-3 (IUPAC codes are used for degeneracies) were designed according to the conserved amino acid sequences of legume lectins, PVHIWE primer sense and PEWVRV primer antisense respectively. The PCR amplification protocol included an initial denaturation step at 95
• C for 10 min, followed by 35 cycles of denaturation at 94
• C for 30 s, annealing at 50
• C for 30 s, and extension at 72 • C for 2 min. The recovered PCR products (500 bp) were cloned into a pGEM-T vector (Promega), and transformed into E. coli strain DH5α (Novagen). The white transformants were screened by PCR and the positive clones were confirmed by sequencing using an Applied Biosystems model 377 DNA sequencer. The DNA sequences obtained were used for designing specific oligonucleotides for 3 RACE (rapid amplification of cDNA ends) [31] . The reaction was carried out with the sense primer GSP (gene specific primer)-3 RACE (5 -TGGGAAGGTAGGAA-CTGCACACA -3 ) and the antisense primer Qt-anchor (5 -CCA-GTGAGCAGAGTGACG-3 ). To determine the upstream sequence of the Dguia gene, 1 µg of gDNA was digested with 10 units of RsaI, ligated to an adaptor [32] with 10 units of T4-DNA ligase (Invitrogen) for 12 h at 13
• C and amplified by nested PCR using the sense primers IN (5 -AGGGCGT-GGTGCGGAGGGCGGT-3 ) or OU (5 -TGTAGCGTGAAGAC-GACAGAA-3 ) and antisense specific primers GSP1-5 RACE (5 -AAGCTTGCGACCACAGCAGAT-3 ) or GSP2-5 RACE (5 -CCACCAGAACCACTAGGGATTGAA-3 ). Based on the amplified sequences, we designed the specific forward primer DguiaFW (5 -CCATGGATGGGTATTTCAAAAAAATC-3 , which includes a NcoI restriction site, underlined) and the reverse primer DguiaRV (5 -TCAGACGACGGATGCAAT-3 ) for amplification of the complete open reading frame (using either cDNA or gDNA). For PCR amplification with specific primers, the reaction protocol was similar to the cDNA amplification with degenerate primers, but the annealing step was performed at 60
• C for 30 s. The amplified fragments were separated by 2 % agarose gel electrophoresis, purified using the Perfect Pre Gel Clean Up kit (Eppendorf), and cloned into a pGEM-T vector.
For PCR-amplification of the DGL precursor, gDNA was used as the template with the forward primer 5 -CTGATAGTAG-TGAGCAGGGTGAGC-3 , corresponding to the amino acid sequence L 20 IVVSRVS 27 of the Dguia precursor protein (Figure 1) , and the reverse primer 5 -ATTCGTCTTTAACTTAGAAG-3 that corresponds to the last six amino acids of the β-chain (S 275 KLKTN 280 ) ( Figure 1 ). The reaction protocol was similar to the cDNA amplification with semi-degenerate primers. The PCR product obtained was cloned into the pGEM-T vector.
Construction of synthetic genes encoding the α-chains of Dguia and DGL
To produce synthetic genes coding for mature-like α ( = β + γ ) -chains of the Dguia and DGL, DNAs encoding the β-and γ -chains were amplified separately using primers containing restriction sites.
Amplification of the β-chains of both Dguia and DGL was performed with the forward primer β 5 -GCCATGG-CCGATACTATCGTTGCTG-3 , which contains an NcoI restriction site (underlined), and a sequence coding for the first six amino acids of the polypeptide chain (ADTIVA), and the reverse primer β 5 -CCCGGGAATTCGTCTTTAACTTAGAAG-3 , which includes an EcoRI restriction site (underlined) and the last seven amino acids of the β-chain (SKLKTN).
The γ -chains were PCR-amplified with the sense primer γ 5 -CCGGAATTCAATAGCAGATG(C/A)AAAT-3 (C for Dguia and A for DGL) that possesses an EcoRI restriction site (underlined) and the first six amino acids of the γ -chain (Dguia, SIADAN; DGL, SIADEN) and the antisense primer γ 5 -AAGCGGCCGC-TCAATTTGCATCAGGAAAGAG, which includes a restriction site for NotI (underlined), a stop codon (in italics and bold), and the last six C-terminal residues of the mature lectins (LFPDAN).
The PCR protocol included denaturation at 94
• C for 2 min, followed by 25 cycles of denaturation (30 s at 94
• C), annealing (30 s at 60
• C) and extension (30 s at 72 • C), and a final extension for 7 min at 72
• C. The amplified fragments were purified using the Perfect Prep Gel Clean Up kit (Eppendorf) and were cloned into a pGEM-T vector. E. coli DH5α cells (Novagen) were transformed by electroporation using an Eppendorf 2510 electroporator following the manufacturer's instructions. Positive clones, selected by growing the transformed cells in LB (Luria-Bertani) medium containing 100 µg/ml ampicillin, were confirmed by PCR amplification using the above primers, and the PCR-amplified fragments were sequenced (using an Applied Biosystems model 377 DNA sequencer) to check the correctness of the sequences and the direction of inserts.
For generation of expression vectors comprising α-chainthioredoxin-His 6 fusion proteins, the pGEM-T plasmids containing β-chains (β-chain/pGEM-T), γ -chains (γ -chain/pGEM-T) and the pET32a vector (Novagen) were serially digested with NcoI/EcoRI, EcoRI/Not I and NcoI/NotI respectively, for 12 h at 37
• C. The 300-bp β-and γ -fragments and the pET32a vector were purified from 1.5 % agarose gels using the Eppendorf Perfect Pre Gel Clean Up kit. The DNA fragment coding for the γ -chain was dephosphorylated at 37
• C for 1 h with 1 unit of calf intestinal alkaline phosphatase (Roche). After this reaction, the β-and the γ -fragments, and the open pET32a vector were ligated with 10 units of T4-DNAligase (Invitrogen) overnight at 13
• C. These constructs were used to transform electrocompetent E. coli DH5α cells. The plasmid was sequenced to confirm the correctness of the construct. The plasmid DNAs from positive clones were used to transform (by electroporation) E. coli BL21(DE3) cells (Novagen). Another pool of BL21(DE3) cells were transformed with mock pET32a plasmid and used as a negative control for the recombinant expression of α-chain-thioredoxin-His 6 fusion proteins.
Generation of r-αDguia and r-αDGL mutants
Site-directed mutagenesis was performed essentially as described in the QuikChange ® site-directed mutagenesis kit (Stratagene). To this end, the pET32a plasmids containing the r-αDguia and r-αDGL sequences flanked by NcoI and NotI restriction sites were used as templates for PCR amplification [initial denaturation at 94
• C for 2 min, followed by 12 cycles of denaturation (30 s at 94
• C), annealing (60 s at 55 • C), and extension (12 min at 68
• C), and a final extension for 10 min at 68
• C] using the primers described in Table 1 . The mutated plasmids were sequenced to confirm the absence of undesired mutations.
Recombinant expression of r-α-thioredoxin-His 6 fusion proteins
Positive E. coli BL21(DE3) clones, shown by PCR to contain the r-α-chain-thioredoxin-His 6 fusion constructs, were grown overnight at 37
• C in LB medium containing 100 µg/ml ampicillin. For inducing the expression of the recombinant fusion proteins, the cell cultures were diluted 1:10 (v/v) with medium, IPTG (isopropyl β-D-thiogalactoside) was added to a final concentration of 1 mM, and the cell suspensions were incubated for a further 24 h at 14
• C. Thereafter the cells were pelleted by centrifugation (10 000 g for 30 min at 4
• C), resuspended in the same volume of 20 mM sodium phosphate and 150 mM NaCl (pH 7.4), washed three times with the same buffer, and resuspended in 100 ml/l of initial cell culture of 20 mM sodium phosphate, 250 mM NaCl and 10 mM imidazole (pH 7.4). The cells were lysed by sonication (15 cycles of 15 s sonication followed by 1 min resting) in an ice bath. The lysates were centrifuged at 10 000 g for 30 min at 4
• C, and the soluble and the insoluble fractions were analysed by SDS/ PAGE (15 % gels).
Purification of r-αDguia and r-αDGL
The α-chain-thioredoxin-His 6 fusion proteins (r-αDguia or r-αDGL) were purified from the soluble fraction of positive E. coli BL21(DE3) clones by affinity chromatography using anÄKTA Basic chromatographer equipped with a 5 ml HisTrap HP column (Amersham Biosciences) equilibrated in 20 mM sodium phosphate, 250 mM NaCl and 10 mM imidazole (pH 7.4). After the absorbance at 280 nm of the flow-through fraction reached baseline, the bound material was eluted at a flow rate of 1.5 ml/min with a linear gradient of 10-500 mM imidazole for 60 min. 
Analytical ultracentrifugation
The apparent molecular mass of the recombinant lectins in solutions of different pH were determined by analytical ultracentrifugation at 20
• C using a Beckman XL-A centrifuge with UV absorption scanner optics using an AN-50 Ti 8-hole rotor and charcoal-filled eppon 6-channel centrepieces. This set-up allows the simultaneous analysis of 21 different samples. The lectins were dissolved at 0.6-1.0 mg/ml in the following buffers containing 1 mM CaCl 2 , 1 mM MgCl 2 and 0.1 M NaCl, and Tris/HCl (for pH 7.5 and 8.5), 20 mM sodium citrate (for pH 2.5, 3.5 and 4.5) and 20 mM Mes (for pH 5.5 or 6.5). Molar masses were determined by sedimentation-diffusion equilibrium experiments using short (approx. 3 mm) sedimentation columns. To avoid differences in apparent molecular masses due to rotorspeed-dependent weighting of apparent molecular masses, all experiments were carried out at the same speed (15 000 rev./min). Sedimentation equilibrium was assumed to be attained when the measured concentration profile remained unchanged for at least 12 h. The equilibrium concentration gradient for a single species is described by the equation:
where c(r) and c(m) are the concentrations at radius r and at the meniscus (radius m) respectively; M is the molar mass of the solute; υ is the partial specific volume of the solute (assumed to be 7.35 × 10 m −3 × kg); ω is the angular speed of the rotor (radians × s −1 ); and R and T are the gas constant (8.314 J · mol −1 · K −1 ) and the temperature (in K) respectively. Apparent molar masses were determined by fitting this function to the measured radial distribution of the concentration gradient at equilibrium using the program EQASSOC [33] provided by the manufacturer. Blank buffer absorption was determined after overspeeding (50 000 rev./min) to sediment all material to the bottom of the cell.
Crystallization, data collection and model building
Crystals of r-αDguia were grown at 22
• C by the vapour diffusion method using hanging drops composed of equal volumes of protein solution [10-15 mg/ml in 0.1 M Mes (pH 6.0), containing 10 mM CaCl 2 , 10 mM MnCl 2 , 3 mM X-Man (5-bromo-4-chloro-3-indolyl-α-D-mannose, 12 mM stock solution in DMSO)], and of the reservoir solution [30 % poly(ethylene glycol) 400, 100 mM Mes (pH 6.4) and 100 mM CdCl 2 ] used as the precipitant.
Crystals of r-αDguia S131H were obtained as above except that the reservoir solution was 600 mM NaCl and 100 mM Hepes (pH 7.0).
For crystallization of r-αDGL and its triple mutant E123A/ H131N/K132N, the lectins were dissolved at approx. 10-12 mg/ml in 50 mM Hepes (pH 7.5), containing 3 mM X-Man and 10 mM each of MnCl 2 and CaCl 2 . Crystals of r-αDGL were grown at constant room temperature (20 • C) by the hangingdrop vapour diffusion method using 15 % poly(ethylene glycol) 4000, 100 mM Hepes (pH 7.5) and 100 mM lithium sulfate as the precipitant. Crystals of the triple mutant were obtained with the same method but using 15 % poly(ethylene glycol) 8000, 100 mM cacodylate (pH 6.5) containing 200 mM zinc acetate as the precipitant.
A reservoir buffer containing 20-25 % glycerol proved to be a suitable cryoprotectant. The crystals were transferred directly from the drop to the cryoprotectant solution and were allowed to equilibrate for approx. 10 s. Thereafter, single crystals were mounted in cryo-loops and rapidly transferred to the cryostream. Cryoprotected crystals were analysed using the Synchrotron Radiation Source at the ESRF (European Synchrotron Radiation Facility, Grenoble, France) on beam lines ID23-1 (for r-αDguia), BM14 (for r-αDguia S131H), ID23-2 (for r-αDGL) and BM16 (for r-αDGL triple mutant E123A/H131N/K132N).
Crystallographic data were indexed, integrated and scaled using MOSFLM [34] and SCALA [35] . The crystal structures were determined by molecular replacement using the MOLREP program [36] . The search models used were Dguia structures (PDB accession code 1H9P for r-αDguia and 1H9W for r-αDguia S131H) [28] and DGL (PDB accession code 1DGL [27] for r-αDGL). The crystal structure of the triple mutant r-αDGL E123A/H131N/K132N was determined using the refined structure of r-αDGL. The position and orientation of the molecules as a single rigid body entity were refined for 20 cycles with REFMAC [CCP4] [35] . Several steps of rebuilding, interspersed with restrained refinement using REFMAC, yielded the final models at resolutions ranging from 1.65 to 2.1 Å ( Table 2 ). The X-Man molecule was placed by inspection of the F o −F c maps. Finally, water molecules were placed in the model over several steps of refinement with Arp/Warp and inspected manually. The atomic co-ordinates, fitted with Coot [37] , are accessible from the PDB under accession codes 2JDZ (r-αDguia), 2JE7 (r-αDguia S131H), 2JE9 (r-αDGL) and 2JEC (r-αDGL E123A/H131N/K132N).
RESULTS AND DISCUSSION
In the present study we have primarily addressed the question of the role of interdimeric interactions at the central cavity in confering pH-dependent dimer-tetramer transition upon Diocleinae lectins. In order to do this it was necessary to produce recombinant lectins. To circumvent the inability of E. coli to post-translationally process pre-pro Diocleinae lectins as in the plant system (discussed below), we have designed and cloned synthetic genes coding for mature wild-type and mutated single-polypeptide α-chains. This novel approach, which may inspire molecular biological studies of other lectins, was successfully employed for producing recombinant wild-type and mutated proteins biochemically indistinguishable from the naturally occurring seed lectins, and is described in the following sections.
The Dguia and DGL precursors are coded for by intronless genes
PCR using primers designed from the cDNA sequences of the highly-related ConA [38] and ConBr (Canavalia brasiliensis lectin) [39] lectin precursors failed to amplify any product using cDNA or gDNA of either Dguia and DGL. However, using degenerated primers based on highly conserved amino acid sequences among legume lectins, a 500 bp product was PCRamplified ( Figure 1 ). This cDNA-amplified nucleotide sequence was then used to design specific primers to extend the Dguia transcript. The Dguia cDNA sequence was extended in the 3 direction by 3 RACE. The upstream Dguia gene sequence was determined by nested PCR using RsaI-digested gDNA as a template. The 3 RACE-(cDNA) and 5 -extension-(gDNA) gathered nucleotide sequences were employed to construct specific primers, which were then used to amplify a fragment of 876 bp encoding the full-length Dguia open reading frame ( Figure 1A ). Identical sequences were amplified using cDNA and gDNA templates, clearly showing that the gene coding for the Dguia did not possess introns. Similarly, the seed lectins from Canavalia ensiformis [38] , Canavalia brasilensis [39] and Canavalia gladiata [40] have been previously reported to be coded for by intronless genes.
The DNA-deduced amino acid sequence of the Dguia precursor ( Figure 1 ) differs at eight positions from the primary structure of Dguia isolated from seeds [24, 28] . The eight conservative changes [Dguia(DNA)/Dguia(seed): S41A, G54S, Q65E, A68K, D72S, S74D, S230T and T232S in Figure 1A ) were found in every clone sequenced, ruling out a DNA sequencing error. None of these residues participated in interdimeric contacts in the crystal structure of the Dguia seed lectin [28] . Of note, the isotope-averaged molecular masses calculated for the full-length αDguia (25395 Da) and its derived β-(12832 Da) and γ -(12584 Da) fragments are in excellent agreement with those determined by electrospray-ionization MS for the Dguia seed lectin [24] , suggesting that the cloned and the seed-isolated lectins may be isobaric isolectins. The DNA sequence coding for αDGL ( Figure 1B ) was PCRamplified using gDNA as a template and forward and reverse primers designed from the DNA sequence of the Dguia precursor. The same 783 bp product was amplified using cDNA as a template, indicating that, like the Dguia lectin, the DGL gene does not include any intronic sequence. The calculated and the experimentally determined masses of the αDGL (25607 Da), β-(12872 Da) and γ -(12752 Da) chains [24] coincide within the experimental error limit (+ − 2 Da).
Design and cloning of synthetic genes coding for αDguia and αDGL
Maturation of Diocleinae seed lectins involves a complex mechanism of post-translational processing that includes deglycosylation-dependent proteolytic cleavage of the precursor at the carboxy site of internal asparagine residues, and religation of the resulting γ -and β-fragments in inverse DNA-coded order [38, 41] . Thus the resulting active α-chain (α = β − γ ) is circularly permuted in primary sequence relative to its own inactive γ − β precursor. Proteolytic cleavage and religation of the fragments to form the α-chain are both catalysed by an asparagine endopeptidase [42] . The nature of the splicing and religation events has been controversial, with the report of Yamauchi and Minamikawa [40] that pre-pro-ConA from C. gladiata expressed in E. coli underwent peptide cleavage and ligation in the same way as the lectin synthesized during seed maturation, contrasting with a lack of evidence for any processing of pre-pro-ConA in the cytoplasm [43, 44] or of pre-ConA in the periplasm of E. coli [45] . Indeed, E. coli does not express asparagine endopeptidase and is therefore unable to process the legume lectin precursor as in the plant [43] . Thus to produce native-like and active Dguia and DGL, we have designed and cloned synthetic genes coding for the single polypeptide α-chains. The cloning strategy employed for constructing synthetic genes for the α-chains from the DNA-amplified precursors of the Dguia and DGL, schematically displayed in Figure 2 , included PCR engineering of EcoRI restriction sites at the 3 of the β-chain and at the 5 of the γ -chain. The β/pGEM-T and γ /pGEM-T constructs were then serially digested with EcoRI/NcoI and EcoRI/NotI respectively, generating complementary cohesive ends that were subsequently ligated into a full-length α-chain flanked by 5 -NcoI and 3 -NotI restriction sites. The synthetic α-chain was cloned into an open pET32a expression vector digested with NcoI and NotI, creating an α-chain-thioredoxin-His 6 fusion protein.
Recombinant expression in E. coli of synthetic and active αDguia and αDGL
Recombinant synthetic αDguia and αDGL (r-αDguia and r-αDGL) were expressed as thioredoxin-His 6 -tagged fusion proteins in E. coli BL21(DE3) cells. Biosynthesis of the recombinant construct was independent of the addition of the Lac operon inducer IPTG and approx. 90 % of the fusion protein was recovered in the soluble cell lysate (Figure 3) . Following affinity chromatography in HisTrap and digestion with enterokinase, rαDguia and r-αDGL were purified to apparent homogeneity by affinity chromatography on Sephadex G-75. The average protein yield was similar for both lectins, approx. 20 mg/l. The r-αDguia and r-αDGL were quantitatively retained in the crosslinked dextran gel column and were desorbed with D-glucose, providing strong evidence that the lectins displayed nativelike, carbohydrate-binding activity. In line with this assumption, After PCR-engineering of EcoRI restriction sites at the 3 of the β-chain and at the 5 of the γ -chain, the β-and the γ -fragments were separately cloned into pGEM-T vectors containing, respectively, NcoI and NotI restriction sites. The vectors were serially digested, the fragments were purified by agarose gel electrophoresis, the γ -chain was dephosphorylated, and the β-and γ -chains were ligated through their EcoRI-created cohesive ends. Synthetic α-chains were cloned into open expression vectors pET32a, and the constructs were expressed as α-chain-thiredoxin-His 6 fusion proteins in E. coli. r-αDguia and r-αDGL also exhibited identical haemagglutinating activity as the corresponding lectins isolated from seeds (results not shown). As judged by sedimentation equilibrium, r-αDguia exhibited similar pH-dependent dimer-tetramer transition to the Dguia (Figure 4) . On the other hand, r-αDGL, like DGL isolated from seeds, behaved as a pH-independent tetrameric protein (Table 3) . Furthermore, r-αDguia and r-αDGL were crystallized and their structures, solved to 2.1 Å resolution (Table 2) , could be 
Figure 5 The X-Mannose-binding sites
Comparison of the mannose-binding sites of (A) the r-αDGL-X-Man complex and (B) the DGL complexed with a trimannoside (PDB accession number 1DGL) [27] . Broken lines represent hydrogen bonds. For detailed interactions between lectin and sugar atoms see Table 3 . (C) Shows a portion of the 2F o −F c electron density map contoured at 1.0 σ showing the X-Man bound to the carbohydrate-binding site of monomer A of the Dguia S131H mutant. (D and E) Display, respectively, close-up views of the carbohydrate-recognition domains of r-αDguia with bound X-Man (PDB accession number 2JDZ; the present study) and apo-Dguia (PDB accession number 1H9P) [28] . B-factors are colour-coded from 25 Å 2 (green) to 60 Å 2 (red). Similarly to what has been reported for Dguia [28] , the rαDguia crystal structure displayed poor electronic density for the central cavity loop residues 117-123. This observation indicates that disorder of the corresponding loop in the natural lectin is not due to the incomplete ligation of the C-terminal residue of the β-chain and the N-terminal residue of the γ -fragment that leads to the mixture of α-, β-and γ -chains.
The architecture of the primary monosaccharide recognition site and the interactions established between the protein and the mannose residue of X-Man (Figures 5A-5C and Table 3) are essentially the same as in other Diocleinae lectin-sugar complexes. The quality of the electron density maps around the X-Man moiety is shown in Figure 5 (C). Although the apo-(PDB accession numbers 1H9P and 1H9W) and the sugar-bound (rαDguia, PDB accession number 2JDZ) wild-type Dguias possess identical preformed carbohydrate-recognition motifs, the average B-factor for the main chain of the mannose-binding loops of apoDguia (52 Å 2 ) is significantly higher than that for the r-αDguia-X-Man complex (34 Å 2 ) ( Figures 5D and 5E ), suggesting that binding of the brominated monosaccharide-derivative restrains the conformational flexibility of the sugar-binding, solventexposed loops. The low average B-factors of the mannosebinding loops of r-αDguia S131H-X-Man (20.9 Å 2 ), r-DGL-X-Man (26.0 Å 2 ) and r-αDguia E123A/H131N/K132Q-X-Man (19.0 Å 2 ) ( Table 2) further support this conclusion. A similar observation has been reported for the seed lectin from Parkia platycephala when the apo-and the X-Man-complexed structures were compared [46] .
Taken together, our results indicate that the recombinant lectins are structurally and biochemically indistinguishable from their natural homologues.
Conversion by site-directed mutagenesis of r-αDGL into a lectin exhibiting pH-dependent dimer-tetramer transition
The amino acid sequences of r-αDguia and r-αDGL differ in only 11 residues, of which three are located in the 123-132 region: rDguia, A 121 DANSLHFSFSQFS 134 and rDGL, A 121 DENSLHFSFHKFS 134 (the differing residues are underlined). Previous studies [28] have suggested that residues within this region of DGL participate in the interdimeric contacts that yield a pH-independent tetrameric structure. To gain a closer insight into the mechanism governing the pH-dependent dimer-tetramer transition, we have produced single-, double-and triple-mutated recombinant lectins and have assessed their structure-activity correlations by a combination of equilibrium sedimentation analytical ultracentrifugation and X-ray crystallography.
The crystal structures of r-αDguia, r-αDguia S131H, r-αDGL and r-αDGL E123A/H131N/H132K can be superimposed with an rmsd for Cα atoms of 0.3-0.7 Å, with interdimeric hydrogenbonding contacts between Arg 60 and Asp 78 of opposed monomers at the peripheral sites essentially conserved (Figure 6 ), whereas the major differences appear to be associated with the central cavity loops (Figure 7A ).
Mutant r-αDguia S131H exhibited a similar dimer-tetramer equilibrium to the wild-type (Figure 4 ). This result was unexpected since previous work strongly suggested that a histidine at position 131 was responsible for stabilizing the pH-independent tetrameric structure of DGL [28] . However, inspection of the crystal structure of the S131H mutant showed that His 131 established contact with Asp 122 from an adjacent monomer of the canonical dimer ( Figure 7B ). The absence of interactions between His 131 and the central cavity loop residues, as in r-αDGL ( Figure 7C ) from an opposed monomer explains why the mutation did not lock r-αDguia S131H into a pH-independent tetramer.
Also unexpected, the single-mutant r-αDGL H131N and the double-mutants r-αDGL E123A/H131N and r-αDGL H131N/K132Q, all exhibited the same equilibrium sedimentation behaviour as wild-type r-αDGL (Figure 4 ), indicating that mutating His 131 into an asparagine residue does generate a pH-dependent dissociable tetramer. On the other hand, pH-dependent tetramer dissociation was achieved with the double-mutant r-αDGL E123A/K132Q and the triple-mutant r-αDGL E123A/ H131N/K132Q (Figure 4 ). The r-αDGL E123A/K132Q mutant is equivalent to r-αDguia S131H discussed above.
The crystal structure of r-αDGL E123A/H131N/K132Q was solved to a resolution of 2.0 Å ( Table 2 ). This structure and that of DGL (PDB accession number 1DGL) [27] can be superimposed with an rmsd of 0.56 Å for all Cα atoms, except for the central cavity loops (residues 117-123), where significant conformational differences were noticed ( Figure 7D ). Thus in the triple-mutant structure the polypeptide stretch 117-123 folds into a well-defined loop which adopts a less extended projection towards the centre of the central cavity than the corresponding loop in 1DGL ( Figure 7D Comparison of the interactions (hydrogen bonds, broken lines) at the peripheral interdimeric regions between monomers A and D (see Figure 7A ) of natural (PDB accession number 1DGL) (A) and recombinant wild-type (rDGL) (B) and triple-mutated (rDGL E123A/H131N/H132K) (C) DGL. The latter exhibits pH-dependent dimer-tetramer transition, whereas 1DGL and rDGL are pH (4.5-8.5)-independent tetrameric structures (see Figure 4) . Interactions between monomers B and C are essentially the same. 122 AN 124 in the r-αDGL E123A/H131N/K132Q structure mirrors that adopted by the same residues in the crystal structure of Dguia (PDB accession number 1H9P) [28] . However, the remainder of the central loop (residues 117-121) is disordered in hindering any structural comparison between the triple-mutated r-αDGL and Dguia. Nevertheless, the consequence of the structural alteration in the triple-mutated loop structure renders it unable to establish the interdimeric tetramerstabilizing interactions observed in the wild-type DGL.
Concluding remarks
Evidence gathered from comparison of the crystal structures of lectins isolated from seeds of Diocleinae, which exhibit [ConA (PDB accession number 1NLS), ConBr (PDB accession number
